Abstract-Generating a standard electromagnetic field requires knowledge of the gain of the transmitting antenna. The theory and supporting experimental measurements of the near-field gain of a pyramidal horn and an open-ended waveguide (OEG) at 450 M H z are given. The empirical near-field gain for the OEG is derived from experimental results obtained by a two-antenna method at about 2 GHz. The theoretical nearfield gain for the rectangular pyramidal horn is derived from Schelkunoff's formula. Two independent near-field gain measurements of these antennas are made using a three-antenna method and a transferstandard-probe method. The discrepancy between theoretical and experimental results is typically less than f 1 dB.
I. INTRODUCTION
M ICROWAVE ANECHOIC chambers are currently ir, use for a variety of indoor antenna measurements, electromagnetic interference (EMI) measurements, and electromagnetic compatibility (EMC) measurements. The prime requirement is that a transmitting antenna located within the chamber generate a known field throughout a volume (of the chamber) of suficient size to perform antenna measurements. This volume is frequently referred to as a "quiet zone," and the level of interference between direct and reflected waves within it determines the performance of the anechoic chamber. This paper is a status report on the evaluation of procedures for generating standard near fields in the National Bureau of Standards' (NBS) anechoic chamber ( Fig. 1). Pyramidal horns or open-ended waveguides (OEG's) are used as transmitting antennas, positioned in the access doorway with their apertures inside the plane of the absorber points on the chamber wall.
Measurements in an anechoic chamber are usually performed in the near-field region of a standard transmitting antenna. The standard field on which these measurements are based is the radiated field intensity in the near-field region of this antenna. The antennas now used at NBS consist of a series of OEG's for frequencies below 500 MHz and a series of pyramidal horns above 500 MHz.
The field strength in an anechoic chamber is calculated at each frequency from power measurements. The value of standard field strength is given by the equation where E on-axis magnitude of the electric field strength, V/ m; p net power delivered to the standard transmitting horn or OEG, W; Geff near-field power gain of the standard transmitting antenna, including near-field (proximity) correction factors; and d distance from the standard transmitting antenna aperture to the on-axis field point.
The approach used at NBS to measure accurately the net power delivered to a standard antenna involves the use of a four-port directional coupler with a standard mismatch and a 5 0 4 matched termination. Details of the net power measurement are discussed elsewhere [l], [2] .
Because an anechoic chamber is employed to generate standard electromagnetic fields computed from the near-field gain of a transmitting antenna, this paper discusses the theory and measurement of the near-field gain of a pyramidal horn and an OEG, and also the standard fields determined from those gains. First, the theoretical gain of a pyramidal horn is briefly reviewed [3]-[5]. An empirical equation giving the near-field gain of OEG's as a function of frequency and aperture dimensions is also given [6], [7] .
Next, the experimental evaluation of the near-field gain of a pyramidal horn and an OEG is described. To obtain the nearfield gain of both the horn and OEG simultaneously, the threeantenna and transfer-standard-probe measurements are performed at 450 MHz. This frequency is within the range of both the horn and OEG, and gives the same transfer-standard-probe response (Fig. 7) as does the 100-MHz calibration frequency. In the three-antenna technique, we use a microstrip patch antenna and a 500-MHz resonant dipole, as well as a horn or U.S. Government work not protected by U.S. copyright an OEG. In the transfer-standard-probe technique, an electrically short dipole antenna is typically used (e.g., the NBS 
A. PyramidaZ Horn
The approach used at NBS to establish a standard field at frequencies above 500 MHz employs a series of pyramidal horns. In deriving the gain of a pyramidal horn by the Kirchhoff method, Schehnoff accounted for the effect of horn flare by introducing a quadratic phase error in the dominant mode field along the aperture coordinates 
and r being the distance between the center of the horn 'aperture and the field point. The E-plane factor R E is given by [ 101:
and c$o is half the E-plane flare angle. For any two variables 1 and $, the factor u (1, $) is given by
The factor S2 is defined as
(1 1) di = 21 sin (iG0) is the ray-path length between single and double diffraction, and m is the largest integer less than T /
Neglecting the diffracted fields of the aperture edge WO .
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reflected from the horn interior (term S2 in (6) When R E and RH are given by (12) and (3), (2) is the wellknown Schelkunoff-Braun expression for the gain of a pyramidal horn. In Section IV-A, we show that (12) gives a much better representation of our near-field horn gain data than (6), and therefore in (6) we neglect the S2 diffraction term developed in [ l o ] . Equation (6) then reduces to (12).
Simple polynomial expressions for (3) and (12) have been generated for the near-field gain-reduction factors, RH and R E , for pyramidal horns [ l 11 . The value of these gainreduction factors depends on frequency, horn dimensions, and distance to the on-axis field point. The two gain-reduction factors, RH and RE, are given in dB by 
RH=(O.Ola)(l+
The near-field gain ( (2)) of a pyramidal horn is then used to calculate the radiated field intensity in the near field of the antenna. For the horn used in our measurements at 450 MHz, the gain reduction factors RE and R H expressed in decibels are shown in Fig. 3 . The effectiveness of these correction factors is determined by comparing theoretical gain values with experimental results.
B. Open-Ended Waveguide
Early work to determine the field pattern and gain of large OEG radiators, both theoretically and experimentally, is described in [7] . An equation giving the gain of OEG's as a function of frequency and aperture dimensions has been determined experimentally at NBS. The original data for this equation come from a two-antenna calibration using two identical open-ended guides [6] . The apertures of the OEG's used at NBS have a two-to-one aspect ratio. In this case, the equation for calculating the antenna gain is gain = 21.6 Fw, or gain (dB)= 10 log (Fw) + 13.34
where F is frequency, GHz, and w is width (larger side) of the two-to-one OEG, m. At present there is no complete, rigorous theory of OEG near-field gain, though the following analysis has been suggested by Yaghjian plane pattern
The constant AH is related to AE by
AE=AH{(~/T)~[~ +B/k+I'(l -p/k)]+Co). (19)
The constant Co is calculated by equating the radiated power determined from the far field to the total input power determined from the TElo mode field.
From ( 1 3 , (1 S), and (19) for the OEG far field, the planewave scattering theorem [ 131 will yield near-field expressions from which the near-field power density can be obtained (and thence the OEG gain with respect to an isotropic radiator). In a future publication we will present this a d y s i s and a comparison of the resulting expression for OEG near-field gain with measured gain values. The evaluation of the uncertainty of the near-field gain will be performed by comparing it with the experimental results.
III. EXPERIMENTS
To evaluate the near-field gain of a pyramidal horn and an OEG, we have used the three-antenna technique and the transfer-standard-probe technique which are briefly described below.
A . Three-Antenna Technique
By measuring the power transfer between each pair of three antennas separated by a distance r, we can determine the nearfield gains of the three antennas from three power transmission where P' available power from a receiving antenna, P'
net power delivered to a transmitting antenna, Geff(r) near-field gain of a receiving ( i ) or transmitting ( j ) antenna at a distance r from that antenna, and i, . i 1, 2, and 3 (i # j ) . For example, the near-field gain of a number 1 antenna can be obtained by This expression is rigorous only for point sources and receivers. The horn, OEG, and patch antennas employed in our gain measurements all have large apertures, and the 500 M H z half-wave dipole has a span of 15 cm. Thus, the transmission path between each pair of antennas is a composite of the paths from each point of the transmitting aperture to every point of the receiving aperture. Therefore, the data we present as boresight gains are averages resulting from the transmission distributed over each pair of finite apertures. This effect will contribute to the discrepancy between our measured and computed gains. Fig. 6 . Thus, the total power received by the dipole antenna is twice the reading of the power meter.
B. Transfer-Standard-Probe Technique
We have developed various kinds of electrically s m a l l dipoles for sensing E-fields and electrically small loops for Hfields. These probes have a known response over a given range of frequency and amplitude
[8], [ l q . Such a probe antenna can be used to measure and verify field strength as a function of distance from a transmitting antenna. In this application, the probe serves as a transfer standard and must be calibrated by an independent approach over the same frequency and amplitude range. We use a TEM transmission line cell for establishing standard EM fields [18]. For the single-frequency data reported here, the transfer-standard electric field probes (such as EFM-3 or EFM-5) are calibrated for dynamic range at 100 MHz using a TEM cell. The frequency response of these transfer probes is well sstablished over the range between 500 kHz and 1 GHz and is shown in Fig. 7 . In another method, we obtain antenna near-field gain vs distance by adjusting the power delivered to the transmitting antenna to keep a constant output voltage from the probe as it scans the antenna near field. In this way the field strength at the probe is held constant, the probe requires calibration at only one dynamic level, and nonlinearity in the probe response vs dynamic range can be ignored. The transmitted power required to obtain this constant response is recorded as a function of separation distance between the transmitting antenna and receiving probe. Then, from the transmitted power measured vs distance, the near-field gain reduction of the antenna can be evaluated.
IV. NEAR-FIELD GAIN EVALUATION
This section discusses the near-field gain of the pyramidal horn and the rectangular OEG. The near-field gain that is computed from the theory described in Section II is compared with the experimental results obtained by the techniques given in Section ILI.
A . Pyramidal Horn
The standard pyramidal horn used in this study has the following measured dimensions: a = 122.5 cm, b = 90.75 cm, I, = 142.0 cm, and lE = 121.3 cm. The range dependence of the theoretical and measured gain of this horn is shown in Fig. 8 . The theoretical near-field gain ((3) and (12) in (2)) does not include the gain reduction due to multiple diffraction and diffracted fields reflected from the horn interior. The discrepancy between theoretical and experimental near-field gain of the horn is typically 0.6 dB. As a function of distance from the horn aperture, the experimental near-field gain curve is not monotonic, as is predicted by the theory, but shows definite quasiperiodic wiggles. This effect can probably be attributed to multiple reflections between the horn and the other two antennas, particularly the patch antenna, employed in the three-antenna measurement method. The theory, which takes into account the reflection of diffracted fields from the horn interior and double diffraction at the aperture (given in IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. AP-35, NO. 1, J A N Section Q, has been examined without much success. Fig. 9 shows the near-field horn gain computed using (6) and (12) for RE in (2). In the 1-2 m range, the diffraction analysis [lo] represented by term S2 in (6) predicts a near-field gain reduction of 3-5 dB in addition to that affected by (12). The -0.6-dB discrepancy between the Schelkunoff-Bmun data and our measured gain values therefore motivated our use of (12) for RE.
The near-field gain of the pyramidal horn is also examined using the electrically short dipole probe. The electric field probe is calibrated independently using a TEM cell. Fig. 10 shows the electric field strength from the horn whose net delivered power is set at 1 W. Theoretical electric field strength is derived using the near-field horn gain calculated from the Schelkunoff-Braun theory described in Section II.
Experimental electric field strength is derived using the nearfield horn gain obtained by the three-antenna measurements. The electric field strength measured by the transfer-standard probe is typically 0.5 dB lower than the theoretically predicted values, whereas the electric field computed from horn gain values measured by the three-antenna method is typically 0.6 dB higher than the theoretically predicted values.
The discrepancy between .the theoretical electric field strength and experimental electric field strength (the latter obtained by two independent techniques: the three-antenna method and the transfer-standard-probe method) can be attributed to many assumptions to simplify the theory. For example, the theory does not take into account multiple diffraction and diffracted fields reflected from the horn interior and the possible higher modes in the horn aperture. An improved theory that includes these effects will be a future topic of study.
In the three-antenna gain measurements, multiple reflections between the horn and the other two antennas @articularly the patch antenna because of its large dimensions) have affected the near-field horn measurements. At the same time, since the transfer-standard-probe (EFM-5) is calibrated using a TEM cell, loading of the cell [18] due to the presence of the 5-cm dipole probe has caused some calibration error.
B. Open-Ended Waveguide
The OEG used in this study has an aperture of 53.34 x 26.67 cm (21 x 10.5 in). The near-field gain of the OEG is calculated by the empirical equation given in Section II. The experimental near-field gain of this OEG is independently obtained using the three-antenna technique and the transferstandard-probe method. In the three-antenna method, the patch antenna, resonant at 450 MHz, and a 30-cm dipole antenna are used with the OEG. Fig. 11 shows the near-field gain of the OEG obtained from the (empirical) theory, the three-antenna method, and the transfer-standard-probe method. The large gain reduction of about 0.5 dB at around three meters distance from the aperture can probably be attributed to higher modes excited in the waveguide interior. The discrepancy between the (empirical) theory ( (16)) and the three-antenna method is typically about 0.5 dB, and ranges from -0.4 dB to -i dB between the two experimental curves.
In Fig. 12 , we compare the theoretical and two experimental sets of OEG data by plotting the electric field computed from each data set for 1 W net power to the OEG. The theoretical electric field strengths are derived using the (empirical) theoretical gain ((16)) given in Section II. The electric field strength obtained by the three-antenna method is computed using the near-field gain obtained by the three-antenna method and shown in Fig. 11 . The electric field strength obtained by the transfer-standard-probe method for a known net power to the OEG is scaled to 1 W delivered power. In Fig. 12 , the theoretical field strength is about 0.7 dB higher than the threeantenna method results, whereas the transfer-standard field measurements are about 0.8 dB lower than the electric field strengths computed from three-antenna method gain values. (As mentioned in Section ZI-B, (16) giving the near-field gain o€ the OEG was determined empirically from a two-antenna calibration method using two identical OEG's. An improved expression for near-field OEG gain will be derived from nearfield expressions obtained from the theoretical far field ((17)-(19)) by use of the plane wave scattering theorem. This work will be reported in a later publication.) In the three-antenna calibration method, multiple reflections between the OEG and the microstrip patch antenna might have perturbed the transmitted field and introduced error into measured gain values. In the transfer-standard-probe method, the loading effect due to the presence of the transfer-standard probe in a TEM cell causes some error in the probe calibration.
V. CONCLUSION
Using a three-antenna method, we have evaluated the nearfield gain of a horn and an OEG at 450 MHz. In the threeantenna method, we have used a microstrip patch aritenna and a 500-MHz resonant dipole antenna along with the horn or OEG that is to be evaluated. To further evaluate the near-field gain of antennas, we have used NBS transfer-standard probes calibrated in a TEM cell. These experimental near-field gains are compared with theoretical results.
For the horn antenna used in the experiments, the discrepancy between 1) the near-field gain measured by the threeantenna method, and 2) that measured by a transfer-standard probe is about 1 dB for the distance of 1-4 m from the horn aperture. The theoretical curve for near-field gain lies midway between both sets of experimental gain measurements. The discrepancy between the OEG theoretical (empirical) near- field gain and the experimental near-field gain of the threeantenna measurements is about 0.5 dB, whereas the discrepancy between the theory and the transfer-standard-probe measurement ranges from -1 dB to -1.7 dB.
The discrepancies between the three-antenna and transferstandard data indicate the difficulty of generating standard near fields in the anechoic chamber, and alert one to the greater uncertainties encountered in near-field measurements. Further work will attempt to resolve these discrepancies.
